To provide a comprehensive histopathological validation of cardiac magnetic resonance (CMR) and endocardial voltage mapping of acute and chronic atrial ablation injury.
Introduction
Left atrial (LA) radiofrequency (RF) catheter ablation, of which pulmonary vein isolation (PVI) is the cornerstone, is a widely practised procedure for the treatment of atrial fibrillation (AF). 1 However, it is now apparent that acute achievement of PVI is seldom durable, which has refocused the field on the mechanisms of RF injury in the LA. In turn, there has been a recent increase in the use of cardiac magnetic resonance (CMR) to provide pre-and post-procedural non-invasive atrial tissue characterization to assess patient suitability and response to catheter ablation, 2 -11 and to guide both repeat catheter ablation 8, 12 and real-time CMR-guided electrophysiology procedures. 13 -16 The use of CMR to characterize acute and chronic ventricular myocardial injury only became clinically accepted and in widespread use following comprehensive pathological validation, 17 yet there has been no fundamental validation work on the CMR assessment of the atrium. This is of particular importance as controversy remains regarding the reproducibility and diagnostic ability of atrial CMR. 18 Validation of atrial CMR necessitates defining signal intensity (SI) thresholds, which can distinguish between healthy and injured atrial tissue, rather than arbitrarily chosen SI thresholds used in clinical studies to date. 2,3,5,6,8 -10 Furthermore, invasive atrial endocardial voltage mapping, the current clinical gold standard for characterizing the atrial substrate, has not been pathologically validated or systematically compared with CMR findings. Voltage thresholds in common clinical use have been extrapolated from ventricular studies comparing electroanatomical mapping (EAM) with post-myocardial infarction scar 19, 20 and not ablation-induced injury. This study seeks to provide a comprehensive histopathological validation of CMR and endocardial voltage mapping of acute and chronic atrial ablation injury and to define SI thresholds for T2-weighted (T2W) and late gadolinium enhancement (LGE) CMR immediately following and 8 weeks after linear RF ablation in the porcine right atrium (RA).
Methods

Animal model and protocol
Animal studies complied fully with Danish law on animal experiments. Eight female Danish Landrace pigs (39 + 1.8 kg) and eight female Göt-tingen mini-pigs (31 + 2.9 kg) were pre-sedated with intramuscular azaperone (4 mg/kg) and midazolam (0.5 mg/kg). General anaesthesia was induced with intravenous ketamine (5 mg/kg) and midazolam (0.5 mg/ kg), and the animals were intubated and mechanically ventilated. Anaesthesia was maintained with a continuous intravenous infusion of propofol (3 mg/kg/h) and fentanyl (15 mcg/kg/h).
The eight pigs underwent pre-ablation CMR, followed by EAM and ablation according to the protocols described below. These animals were then immediately transferred for post-ablation CMR according to the same protocol, before they were euthanized with intravenous phenobarbital (80 mg/kg).
The eight mini-pigs underwent the same protocol but were recovered from anaesthesia after post-ablation CMR and returned to the farm for 8 weeks. Mini-pigs were used as there was minimal growth during the recovery period. After 8 weeks, these animals were anaesthetized and underwent chronic CMR and EAM before being euthanized.
Electroanatomical maps and ablation
Two 8F sheaths were placed percutaneously in the right femoral vein, followed by an intravenous injection of 100 IU/kg heparin. Fluoroscopy was used to position a 6F decapolar reference catheter in the coronary sinus (CS). An 8F ablation catheter (Thermocool SF, D curve, Biosense Webster, Diamond Bar, CA, USA) was advanced to the RA. A 3D geometry of the RA was created using CartoXPress (Biosense Webster, Diamond Bar, CA, USA) and a high-density pre-ablation peak-to-peak bipolar voltage map was constructed during proximal CS pacing. Linear RF ablation (25 W, 388C, 8 mL/min irrigation) was performed from the superior vena cava (SVC) to the inferior vena cava (IVC) along the posterior wall of the RA. Ablation was performed as a continuous drag with the catheter moved every 30 s. Following completion of the intercaval linear lesion, a second high-density post-ablation voltage map was immediately acquired during proximal CS pacing. Continuity of the intercaval lesion was confirmed by the presence of double potentials along the line, absence of pace capture and the presence of a new activation detour during CS pacing. Chronic voltage maps were created in the same way but without ablation.
Cardiac magnetic resonance
Cardiac magnetic resonance was performed on a 1.5 T MR system (Achieva, Philips Medical Systems, Best, The Netherlands) and a five-element cardiac phased array coil. First, survey and sensitivity encoding reference scans were obtained, followed by a 2D multi-cardiac phase cine scan acquired in a four-chamber orientation. From this scan, the trigger delay was determined for all subsequent scans in order to minimize artefacts from atrial wall motion.
Sagittal T2W images were acquired [multi-slice turbo spin echo with a double inversion recovery pre-pulse and spectral pre-saturation with inversion recovery fat suppression; effective echo time (TE) ¼ 45 ms; repetition time (TR) ¼ twice the cardiac cycle length; spatial resolution ¼ 1.5 × 1.5 mm 2 (reconstructed to 1.0 × 1.0 mm); slice thickness ¼ 3 mm] using the respiratory navigator to minimize motion artefacts and to ensure acquisition at end-expiration for all slices. Twenty minutes after administration of 0.2 mL/kg Gadovist (Bayer HealthCare Pharmaceuticals, Berlin, Germany), axial 3D LGE imaging was performed [respiratory-navigated, ECG-triggered inversion recovery turbo field echo acquisition; spatial resolution ¼ 1.3 × 1.3 × 4 mm 3 (reconstructed to 0.6 × 0.6 × 2 mm 3 ); TE/TR ¼ 3.0/6.2 ms; flip angle ¼ 258]. The inversion time was determined using a preceding Look-Locker sequence to achieve optimal suppression of ventricular myocardium.
Macroscopic and microscopic examination
After the animals were euthanized, the hearts were explanted and the RA was opened and photographed. The hearts were then fixed in formaldehyde. Next, the ablation line and surrounding tissue were excised en bloc and cut into 4 mm sections perpendicular to the ablation line. Each cross section was photographed and then dehydrated, embedded in paraffin, sectioned (3 mm sections), and stained with haematoxylin and eosin or Masson's Trichrome for microscopic examination.
Data analysis Electroanatomical maps
Pre-ablation, post-ablation, and chronic voltage maps were exported from CartoXPress and imported into software custom-written with Matlab (The Mathworks, Natick, MA, USA). Axial slices were placed on the voltage maps at 4 mm intervals along the ablation line. For each slice, the centre of the ablation line was identified by minimizing the weighted distance to the ablation points ( Figure 1 ). For the chronic voltage maps, which unavoidably had a different anatomical shell from the pre-/post-ablation maps, 'ablation points' were added manually to the estimated centre of the low-voltage zone to represent the ablation line. A graph of endocardial voltage against distance from the centre of the ablation line (from 225 to +25 mm) was constructed for each slice.
Cardiac magnetic resonance
Pre-ablation, post-ablation, and chronic T2W and LGE images were analysed using 3D medical image segmentation software (itk-SNAP Version 2.2.0). First, two blinded expert observers independently selected a reference region (left ventricular (LV) myocardium for T2Wand the atrial blood pool for LGE images) and the mean (and SD) SI for the reference region was calculated. Next, the two observers manually segmented the RA wall in the 3D volume by consensus ( Figure 2A) . Thresholds from 0 to 15 SD (at 0.1 intervals) above the reference SI were applied to the RA wall. A 3D segmentation was created for each threshold (where all pixels above the threshold SI were included in the segmentation) and the volume of the segmentation plotted against the SI threshold ( Figure 2B ).
Macroscopic examination
Using ImageJ image processing software (National Institutes of Health), two blinded expert observers manually segmented the total area of injury for each 4 mm cross-section on the gross pathological digital photographs taken after fixation in formaldehyde, but before dehydration and staining for histological examination. For the acute specimens, the ablation lesion was defined as both the zone of pallor and the surrounding haemorrhagic border zone, while for the chronic specimens, the ablation lesion was defined as the zone of pallor alone (as there is no surrounding haemorrhagic border zone). The total volume of injury for each animal was calculated by summing the cross-sectional areas and multiplying by the slice thickness. The mean value for the two observers was then taken.
Statistical analysis
Variables are expressed throughout as mean + SD, except for voltages, which are expressed as geometric mean and 95% confidence interval (CI). Student's t-test for paired data was used to compare pre-ablation, post-ablation, and chronic CMR segmentations. Student's t-test for unpaired data was used to compare pre-ablation, post-ablation, and chronic endocardial voltages. A significance level of P , 0.05 was considered statistically significant. Interobserver variability for macroscopic pathological examination was assessed by the intraclass correlation coefficient. Sample size was not determined by a power calculation but was limited by the ability to house a maximum of eight animals for the 2 months following ablation.
Results
Electroanatomical maps and ablation
All 16 animals survived until the end of the protocol and no animals were excluded from analysis due to premature death. Percutaneous cardiac magnetic resonance images. The red arrows indicate the reference region against which signal intensities were compared (left ventricular myocardium for T2-weighted and the atrial blood pool for late gadolinium enhancement images). The blue overlay indicates the region segmented as the right atrium wall (in this particular slice). These images are all pre-ablation, but the same technique was used for all image analyses. (B) A graph for one post-ablation T2-weighted image of segmentation volume against the signal intensity threshold (expressed as the number of SD above the reference signal intensity). Sample images are included to show the segmentation created (outlined in yellow) at 0, 6, and 12 SD above the reference signal intensity. femoral venous access could not be achieved in one animal and a femoral venous cut-down was required. Otherwise, there were no complications during any of the studies.
There were a total of 16 pre-ablation, 16 post-ablation, and 8 chronic electroanatomical maps with an average of 545 + 400 points (mean point density 40 + 32 per cm 2 ). The average time to create a high-density map was 18.5 + 9.5 min, and the average duration of RF application was 11.6 + 4.2 min. After ablation, a new atrial activation pattern and double potentials were seen in all 16 animals and also in the 8 chronic animals, confirming completion of the linear intercaval line.
An average of 10 + 2 axial slices at 4 mm intervals were taken through each voltage map to define the change in voltage 25 mm either side of the centre of the ablation line. The results for all animals were averaged to give summary data for pre-ablation, postablation, and chronic pigs, as shown in Figure 3 .
The mean voltage at the centre of the ablation line was 3.3 mV (95% CI 0.8 -9.1) pre-ablation, 0.6 mV (95% CI 0.1 -1.5) postablation, and 0.3 mV (95% CI 0.1 -0.8) chronically. The post-ablation voltages were significantly lower (P , 0.05) than the pre-ablation voltages between 219 and +17 mm either side of the centre of the ablation line. Chronic voltages were significantly lower (P , 0.05) than the pre-ablation voltages between 224 and +21 mm. Chronic voltages were significantly lower (P , 0.05) than the acute post-ablation voltages between 22 and +11 mm.
Cardiac magnetic resonance
There were a total of 16 pre-ablation, 16 post-ablation, and 8 chronic 3D T2W and LGE scans. Example images showing the site of ablation are shown in Figure 4 . Qualitatively, no appreciable pre-ablation T2W or LGE enhancement was seen in any of the animals, but both T2W and LGE enhancement were seen in all animals post-ablation. Chronically, T2W enhancement had reduced, while LGE enhancement remained.
The summary data for the eight pigs are shown in Figure 5A and B. For T2W and LGE images, segmented volumes were significantly greater for post-ablation images compared with pre-ablation images.
The summary data for the eight mini-pigs are shown in Figure 5C and D. For T2W and LGE images, segmented volumes were significantly greater for post-ablation images compared with pre-ablation images. When compared with acute post-ablation images, there was a significant reduction in the segmented volume for chronic T2W images, but no statistical difference for chronic LGE images.
Macroscopic and microscopic examination
Macroscopic photographs of acute and chronic ablation lesions, both immediately after heart explantation and after fixing in formaldehyde, are shown in Figure 6 . In all animals and all 4 mm cross sections, microscopic histology of acute ablation injury confirmed transmural injury with coagulative necrosis, haemorrhage and interstitial oedema, while chronic histology demonstrated transmural replacement of normal atrial wall with fibrous scar tissue ( Figure 7) .
The mean acute volume of injury measured on the cross sections in the eight pigs was 2.75 + 1.26 cm 
Comparison with cardiac magnetic resonance segmented volumes
When the CMR-segmented volumes were compared with the macroscopic volumes of injury, the SI thresholds that best approximated macroscopic volumes were: 2.3 SD above the mean atrial blood pool SI for LGE post-ablation; 3.3 SD above the mean atrial blood pool SI for LGE chronically; and 14.5 SD above the mean LV myocardium SI for T2W post-ablation (Figure 8) . Chronically, T2W always underestimated the lesion volume, even at 0 SD above the reference SI.
Discussion
This study was prospectively designed to provide objective T2W and LGE CMR SI and endocardial voltage thresholds for defining acute and chronic atrial ablation injury, by comparison with macroscopic and microscopic pathological examination. The principal findings can be summarized as follows: (i) LGE CMR SI thresholds of 2.3 SD (acutely) and 3.3 SD (chronically) above the mean SI of the atrial blood pool best approximate macroscopic volumes of injury; (ii) T2W CMR overestimates the volume of ablation injury acutely, up to 14.5 SD above the mean SI of the LV myocardium, while T2W CMR underestimates the volume of ablation injury chronically regardless of the SI threshold used; (iii) mean endocardial voltage at the centre of a CMR-confirmed linear atrial ablation lesion is 3.3 mV before ablation, 0.6 mV immediately after ablation, and 0.3 mV chronically; and (iv) microscopic examination of a CMR-confirmed ablation line shows transmural coagulative necrosis acutely and transmural fibrosis chronically.
Cardiac magnetic resonance of ablation injury
Several animal studies have shown that ventricular ablation lesions can be acutely visualized with CMR following thermal injury. However, visualizing lesions in the thinner walled atria is inherently more challenging. Even at the current limits of CMR spatial resolution, the atrial wall is covered by only a few voxels and the contrast between acute injury or chronic scar/fibrosis and healthy atrium is less easily visualized than in the ventricle. Published studies investigating atrial CMR lesion measurements and pathological examination are limited and have been in the context of real-time CMR-guided electrophysiology. 13 -15 One study showed a correlation between the size of four focal atrial ablation lesions, measured by T2W CMR and macroscopic examination, but only 30% of lesions could be visualized. 14 Another demonstrated a correlation between the size of eight focal atrial and ventricular ablation lesions measured by T2W and LGE CMR and macroscopic examination, with a trend towards larger lesion size measured by T2W CMR. 15 However, only the lesion diameter was measured in these studies-lesion volume was not taken into account. Most recently, investigators demonstrated the ability of CMR to visualize deliberate gaps in acute ablation lesions up to 1.4 mm in size with a strong correlation between gap lengths identified using CMR and gross pathology. 13 
Cardiac magnetic resonance signal intensity thresholds
The aforementioned animal studies used arbitrary SI thresholds/ image windowing to define areas of T2W and LGE enhancement and changes in these values could make a significant difference to the lesion measurements. While studies have suggested CMR SI thresholds to quantify myocardial scar in a range of conditions, including acute and chronic myocardial infarction and hypertrophic cardiomyopathy, 21, 22 no studies have attempted to validate similar thresholds for acute or chronic atrial (or ventricular) ablation injury. As a result, a variety of SI thresholds to distinguish between healthy and injured atrial tissue have been used: 2-4 SD above the normal atrial wall SI to quantify LA pre-ablation fibrosis 2 and 3 SD to quantify post-ablation injury. 8, 10 In these and indeed any study, an alteration in the threshold would change the quantification.
Atrial endocardial voltage thresholds
Endocardial voltage mapping before catheter ablation for atrial arrhythmias can help to characterize the underlying atrial substrate and identify areas of previous ablation injury. 23 Most commonly, atrial scar is identified by a bipolar voltage of ≤0.05 mV-this threshold originates from the baseline noise in early EAM systems 24 and has been propagated through the literature and clinical practice without published pathological validation. Equally, thresholds to identify 'low voltage', but not scarred, atrial tissue have generally been extrapolated from ventricular studies of post-myocardial infarction scar. In animal models, bipolar voltages of ≤1.0 and ≤0.5 mV best correlated with pathological infarct size. 19, 20 In a human study of ischaemic and non-ischaemic cardiomyopathy, authors defined abnormal endocardium as a bipolar electrogram of ,1.5 mV and 'densely scarred' endocardium as ,0.5 mV. In this study, the mean bipolar voltage at the centre of the ablation line was 0.6 mV acutely and 0.3 mV chronically. These values would suggest that using a threshold of ≤0.05 mV to define atrial scar could significantly underestimate the extent of previous ablation injury, perhaps leading to inaccurate interpretation of voltage data and even unnecessary ablation during a redo atrial ablation procedure.
There was a statistically significant reduction in voltage (compared with pre-ablation voltages) almost 2 cm either side of the centre of the line. There are several potential reasons why the area of recorded low voltage may be greater than the actual size of the ablation line: (i) at any point, the measured bipolar voltage depends on the tissue in the surrounding area, even if outside of the zone of histological damage; (ii) when creating an intercaval ablation line in the porcine RA, the catheter sits in a concave groove, such that the contact area may be larger than if perpendicularly opposed to a flat piece of tissue; (iii) catheter, cardiac, and respiratory motion may cause inaccuracies in the electroanatomical shell.
Pathology of acute and chronic atrial ablation injury
The pathology of acute RF atrial ablation injury in animal models is well established and is characterized by coagulation necrosis, 26 as seen in this study. However, the microscopic features of chronic atrial ablation injury are much less well described, due to the increased complexity in performing recovery animal experiments. Transmural myocardial fibrosis with areas of chronic inflammatory cell infiltration was seen in pigs four weeks after linear non-irrigated ablation in the RA. 27 In openchest beating heart sheep and dog models of RF ablation, there was replacement of the atrial myocardium with a fibrin and collagen matrix 30 days after ablation. 28, 29 In the present study, animals were recovered for 8 weeks to ensure a representative model of chronic ablation injury and histological findings were in keeping with the aforementioned studies, with transmural fibrous scar.
Limitations
(1) Extrapolation of results to humans is always a potential limitation of animal models. The LA is the predominant target of catheter ablation for AF and so clinical CMR studies have focused on LA ablation. The porcine LA does not closely resemble the human LA, and its structure is not conducive to the reproducible deployment of a linear ablation lesion. For this reason, ablation was performed on the thin posterior RA wall, which is most comparable with the human LA. (2) The CMR thresholds identified in this study are for the identification of post-ablation injury and are not applicable to quantification of de novo atrial fibrosis, for which a specific animal model would be required. (3) Determining volumes of injury on CMR images and pathological examination are challenging, particularly in the thin-walled atrium. Both require a subjective judgement (to segment the RA wall on CMR and to segment the ablation lesion on pathology), which was reduced as far as possible by the use of two blinded expert observers for each measurement. Furthermore, shrinkage of the pathological specimens may also occur during the preserving process. (4) Surface coil proximity, sequence parameters, body mass index, haematocrit, renal function, and field strength can all affect T2W and LGE signal intensities. Furthermore, there is currently no consensus on the optimum timing of atrial LGE CMR after contrast administration, or on the choice and dose of contrast agent, which can also affect signal intensity. In this study, these parameters were chosen based on previously published studies of atrial CMR and clinical experience. The clinical applicability of the SI thresholds derived in this study would have to take these considerations into account.
Conclusion
This animal study presents the first histopathological validation of CMR and endocardial voltage mapping to define acute and chronic atrial ablation injury, including SI thresholds that best match histological lesion volumes. The endocardial voltage thresholds defined in this study challenge values currently used clinically in humans. An understanding of these thresholds may allow a more informed assessment of the underlying atrial substrate immediately after ablation and before repeat catheter ablation for atrial arrhythmias, potentially preventing unnecessary ablation.
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